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MEDIATORS TO OXIDOREDUCTA$E ENZYMES 

- * * • ■ ■ 

^Z^^'^'^'' '' "^"^^ oxidoreductase enzvn.es In 
P^cular, Uie present mvennon relates to such mediators for . 
amperometnc enzyme electrodes. orusem . 

1. . . • 



' ' ' I • ' 

BACKGROUND OF TRF rMypHTTOri 



Oxford Univasin- Pr^^ 1 1 mT' T . ^ ' 

m„,k . u compounds such as phenazine 

oxidas7(rom « lo be BSed in conjunction will, glucose 

These probte have t«en addressed itawgh ,he use of inorganic spe<^« 
3^ as oclacyanpnurgsiaie. hexacyanoferae. hexacyanoruC^e 
.^.an^e complexes, o^^ conrplexes, anLelai t^Mns 
Me,al b,pjn,a„,e and phenantooh™, con>piexes have also Jen^u^S^^ 

Ma«. of these inorganic mediators suffer iiron, ihe problem .hat it is not easv 

the Bed of inorganic med^tors has been extenrledbvferrocenes which-,,, 
cXn iaSrr '1" ~ed betwee:",:„:'"bX 

.clopemad,en.vlnngs. The access to a large number of dedvatives n^am 
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that the properties of ferrocenes can readily be modified by substitution on 
one or both of the cyclopentadienyl rings. 

■ * 

* t • 

• ■ 

Ferrocene mediators have been shown to uiidergo rapid electron transfer 
with oxidoreductase enzymes such as glucose oxidase (Anal. Chem., 56 

(1987) 667); cholesterol oxidase (Electrochemical Sensors for Biomedical 
.Applications, editor C.K.N. Lim, The Electrochem. Soc. (Proceedings 
Volume), 86-14 (1986) 16); sarcosine oxidase (J. Electrpanal. Chem., 240 

(1988) 33); lactate oxidase (J. Electrpanal. Chem., 240 (1988) 33); 

pyruvate oxidase (J. Electroanal. Chem., 190 (1985) 1 17); xanthine oxidase 
(J, Electroanal. Chem., 190 (1985) 117); glutathione reductase (J. 
Electroanal. Chem., 190 (1985) 1 1 7); diaphorase (Electrochemical Sensors 
for Biomedical Applications, editor. C.K,N. Lim, The Electrochem. Soc, 
(Proceedings Volume)i 86-14 (1986) 16); glucose dehydrogenase 
(Biosensors, 2 (1986) 71); and horseradish peroxidase (J. Electroiinal. 
Chem., 201 (1986) 1). 

■ 

Nevertheless, the need remains to expand the list of candidate mediator 
compounds, allovving hew mediators to be developed ^v^th tailored 

proiperties suited to particular applications. 



OBJECTS OF THE PRESENT INVENTION 

A principal object of the present invention is the provision of compounds of 
use as mediators for oxidoreductase enzymes or other electron transfer 

redox proteins. Related objects include mediation processes employing 
such mediators, products based on the mediation processes, manufacturing 
methods for the mediated products, and compositions containing the 
mediators: 



SUMMARY OF THE PRESENT INVENTION . 

* * ■ * 

It has now been found that complexes (half-sandwich complexes), of 
transition metals such as iron, manganese and chromium containing a single 
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n-hgand (which may be ally], cyclopropenyl. cyclobutadiene 
cyclopentadienyl. benzene, cycloheptatrienyl or trimetbyleriemethane 

among others) are capable of mediating electron Wer to ox^^^^^^ 
enz:.mes such as glucose oxidase, with elBciencies comparable to the 
fmocenes but offering the potential for more extensive substitution 

ch^stiy. The mediating function is not restricted to enzymes, and may be 
used wjth other electron transfer redox proteins- 

- • ■ ■ • ■ 

Tliere have been some reports on the electrochemistry of ^^^^^^ 
half-santKyich complexes, but not in the context ofmediatioii to redox 
proteins. For example, the effect ofsubstimtion on the electrochemical 
oxidation m acetonitrile of cyclopehtadienylbicarbonyl-manganese and - 
rhenium is reported in J. Organomet. Ghem., 101 (1975) C43 The 
voltammetric oxidation in dichloromethane of arene, cycloheptatriene and 
q^cloheptatrienyl tricarbonyl complexes of chromium is reported in J Chem 
Soc.Dalton Trans.. (1973) 1768. Cyclicvoltammetry in acetomtnle of a ' 
cyclopentadienylmanganese derivative, a cydoheptatrienybnolybdenum 
denvatwe and a cyclopentadienyliron derivative is reported in J. Organomet 
Chem.. 170(1.979)217. Tlie voltanmietric pr.>penies in dichlorom^^^^^^ 
certain n-cyclppeiitadienylsulphur complexes of manganese, molybdenmn 
tungsten and cobalt are reported in Liorg. Chem., 8 (1969) 1340. 

PREFERRFD FMBODTMT^s OF THF. TNVFNTir>M 

In general, the present invention provides transition metal half-sandwich 
complexes, for use as mediators in electron transfer between enzvmes and 
eJecteodes, Correspondingly. Uie.presentinvend 
raediaung electron transfer between an oxidoreductase enzyme and an 
electrode, which is characterised by the use of a transition metal half- 
sandw^ch compound as mediator. We have found that such transition metal 
nalt-sandwich compounds can act as mediators in aqueous systems. 

In another aspect, the present invention provides mediated, enzyme products 
and methods of manufacturing such products. Illustratively the present 
complexes can be used in the manufacture of amperometric enzyme sensors 
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such as those of the kind described in EPr7«636-A, EP 125I36-A, EP 
1 25 137-A, EP 1 25 1 39 ^ EP 1 25867-A, EP 1 27958-A or EP 230786-A, but 
using a transition metal half-sandwich compound as mediator. The reader is 
, referred to these published patent specifications, whose content . is 
incoq)orated herein by reference. Accordingly, the present invention 
provides amperometric enzyme sensors of use for testing for the presence of 
an analyte in a sample, especially an aqueous sample. For example, the 
sample can be a complex biological sample, for instance a biological fluid 
such as whole blood, plasma or senmiy and the analyte can be a naturally 
. occurring metabolite such as glucose or cholesterol, or an introduced 
substance such as a drug. 

♦ • ■ * 

Of particular utility for the manufacture of amperometric enzyme sensors, 
the present invention further provides an electrically conductive printing ink 
which includes a transition metal half-sandwich mediator compound. 

A central feature of the invention is the uie as a redox mediator for 
oxidoreductase enzymes of a half-siandwich complex where a siiigle n-ligand 
is bonded to a transition nietal ion complexed by other li^ds. The single 
K-ligand will comprise 3 or more atoms, typically 3 to 7 atoms, which will 
generally be carbon but can include any heteroatom capable of 7t bonding 
mcluding nitrogen, oxygen, sulphur and phosphorus. By definition in order 
to have n-bonding, at least three interlinked atoms of the 7t-ligand defme a 
plane with delocalised n bonding and which interact directly with the 
transition metal atom. The nature of the transition metal ion is not critical, 
except for the ability to undergo rapid electron transfer. The identity of the 
other ligands is not critical^ except that they are not ic-^bonding. For 
example, the other ligands may be chosen from any of carbonyl, phosphine, 
isocyanide, mtrosyl, bipyridine, phenanthroline or ditWoiate. 

Preferably, the half-sandwich compound for use as mediator is a complex of 
the general formula: 

(7i-ligand)M(not-7t-ligand)n 
wherein the complex may be charged or neutral, nMgand represents the 
single n-bonded ligand, M represents the transition metal atom, n is the 
number of ligands which are not n-ligands, and the n noUn-ligands are the. 
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sanie or different, are univalent or multivaleht, and serve to satisfy the 
valency of the transitional metaUvi. 

More preferably, thei ,c^ligand is selected from ^-ligands with 3 to 7 carbon 
atoms, and is most preferably an allyl. cyclopropenyl, cyclobutadiene 
cyclopentadienyl. benzene, cycloheptatrienyl or trimethyJenemethane 'group 

The it-hgand can be unsubstituted, but is preferably a substituted ligahd 
^The nature of the substituent is not critical; since it is a feature of the present 
Invention that variation in the identity of the substituent allows the 

preparation of compounds with different properties for assessment as 
candidatemediators: Purely by way of illustran^^^ ormore 
usually 1 to 4, substituents. Such substituehts may be selected from alkyi ' 
groups, especially a methyl or ethyl group; alkoxy groups, especially a 
methoxy or ethoxy group; amino and substihited amino groups, especially an 
amino, dimethyliamind, diethylamino or diO-hydroxyethyl)amino groups 
aminoalkyl and substituted aminoalkyl groups, espedally an aminomethyl or 
dunethylamuiomethy 1 group; a carboxylic acid group; or a sulphonic acid 
group: 

. • ■ . • • ■ . 

The transition metal M is preferably iron, manganese or chromium. 

Each not-K-hgand is preferably selepted froin carbonyl, phosphine, 
isocyamde, nitrosyl, bipyridine. phenanthroline or dithiolate groups. Tlie 
first four such groups are monovalent, while the last three such groups are 
divalent. 

In one prefenred form of the invention, the transition metal half-sandwich 
compound is employed as an inclusion complex in p-cyclodextrin. which . 
typically takes the form of a 1:1 adduct. 

The transition metal half-sandwich compounds are generally known, or can 
be made by modified literature methods. 

A particular advantage of transition metal half-sandwich complexes over the 
feiTocenes is that the greater degree of strucmral possibilities allows their 
properties to be tailored more closely to fit a particular enzyme application 
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and/or biosensor configuration. Other applications and advantages of the 
present invention will be apparent, such as the possibility of the use of 
transition metal half-sandwich complexes as mediators to pxidoreductase 
enzymes, such as the genei^ity of the flavoprotein, metalloprotein and . 
quinoprotein oxidoreductases; alsd to act as mediators to redox proteins: 
such as haemoglobin or to respiratory or other electron transfer redox 
proteins; the possibility of their use as labels for antigens or antibodies in 
immiinochemicai procedures including such as described in EP 1251 39- A; 
the possibility of their use as; ^ificial substrates to monitor enzyme 
reactions with redox potentials modified by reaction with the enzyme; the 
possibility of tailoring the redox potential of a mediator by carefiil choice of 
ligands such that it may interact with a particular oxidoreductase protein but 
not with another, the use of the wider substitution chemistry of half 
sandwich complexes to fabricate en^roe-mediator complexes or modified 
electrodes; and other applications in the field of electrochemistry and . . 
: bioeleCtrpchemistry. which will be apparent to the skilled person. 

The preferred amperometric en^roe sensor adopting a transition metal half- 
sandwich compound as mediator utilizes a strip test element, especially a 
throw-away dry strip. For preference, a disposable test element carries a 
working electrode, the test reagents comprising at least the oxidoreductase 
enzyme and transition metal half-sandwich mediator compound for 
generation of a current indicative of the level of analyte, and a reference- 
electrode. Typically, in the test element, the test reagents are in one or 
inore carbon-based layers associated with the working electrode. 
Accordingly, the sensor electrodes preferably comprise electrode areas 
formed, for instance by screen printiiig, spraying, or other suitable deposition 
technique. 

For preference, respective carbon .mixtures are applied oii to a conductive 
track on a carrier, for example in close proximity to a reference electrode 
mixture connected to a second track. In this way, a sensor is produced 
which is capable of functioning with a small sample of whole blood or other 
liquid covering the effective electrode areas. The mixtures are most 
suitably applied to the carrier by screen printing. 
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r*^-**^ « P-»' «^ provides a *y 

™ ='*My.i„3ulali„6 carter 

tavmg a pa„ of to„gmHi,„al, substoUally parallel, elec^ically '<«<kil„ 
^cfc, ihereupoa. each .rack being p,„v,ded a. fte same end wid, 
clectacal c„™,ec to ,„ a read-ou, means and provided „i,h an .ZZe 

d,e ele.ttWes being U.e referenee e.eo»«ie and U« „te to -^^^^ 
worlong clectode, logelher wilh tesl reagents. rDeinguie 

: - " * - ■ 

• * a > • 

More especially, such a sensor is configured in the fbm, of a supporting strip 
of electncally .nsulating .carr,-^ material such as a synthetic pol^^er^r ' 
instance pvc> carrying at a location between its ends the two electrodes 
supported on electrically conductive printed tracks. For example the 
electrodes can take the form of two rectangular areas side by side on the 

aTol/7' T^^r '^^"fi^^d ^ ^ W area to be covered by 
a^smgledn,pofsamplfe. such as whole blood, for testing^ 

desired, non-rectangular electrode areas, for to 

^nucircular or ^angular areas, can be employed to provide a target ^rea 

for optumsed contact by a liquid sample. S « area 

■ * . - ' . ■ ■ 

* * I * • 

• ■ 

a'^vlrSr rt''/'!'''' '"^ -J^^^odes. "amely a refer^ce electrode and 
l^Z P r '"'^ ftuther electrodes such.as a counter 

woS eSrf ? '"T'^'^^^'^d^' -Wch is of simalar formulation to the 
workang electrode wuh associated test reagents, but lacks one or more of its 

resITrr. ' '""^^ ^i^oiro6. c^ lead to.more reliable 
results, m that .f charge passed at the third electrode is subtracted from 
charge passed at the working electrode, then the resulting charge is solely 
due ^ the reaction of interest. ^ 

A membrane may be provided at and above the target to perfonn a filtration 
foncuon, for example to filter blood cells from the sample before it enters 

mfl!?'"^' .'^''"''*^™"'*^'^^'^^^t'°" «r^e""l^sep^^^ 
ought be cast m situ. 

, ■ 

In a more particularly preferred embodiment, there is provided a singl. 
disposable electrode strip for attachment to signal readout circuitiy of 



e use 
a 
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sensor system to detect a current representative of a compound in a liquid 
mixture, the strip comprising: 

a) an elongated support adapted for releasable attachment to the. 
readout circuitry; 

. b) a first conductor extending along the support and comprising a 

-.' ' • '■• '. 

conductive element for connection to the readout circuitry; 

c) an active electrode on the strip in contact with the first conductor 
and positioned to contact the mixture, the active electrode comprising a 
printed layer on the support, the printed layer comprising an enzyme capable 
:of catalyzing a reaction involving a substrate for the enzyme and a transition 
metal half-sahdv^ch mediator capable of transferring electrons transferred 
between the enzyme-catalyzed reaction and the first conductor to create a 
current representative of the activity of the enzyme and representative of the 
compound, the printed layer having an area less than 25 square mm; 

d) ai second conductor extending along the. support, comprising a, 
; conductive element for connection to the readoiit circuitry; and 

e) a reference electrode in contact with the second conductive 

; denient and positioned to contact the niixtuFe and the second conductor;; 
. . the first conductive element and the active electrode being spaced 
apart from the second conductive element apd the reference electrode, and 
the electrodes beirig sized and positioned to present a combined effective 
area small enough to be completely coverable by a drop of blood, whereby 
the blood cprnpleti^s an electrical circuit across the active electrode and the 
: reference electrode, for amperometric detection of the activity of the 
enzyme. 

The test strips of this invention can detect analytes for example by known 
mediated enzyme electrochemical reactions, but using a transition metal 
half-sandwich compoimd as mediator. In this respect, the reader is referred 
to European Patent 78636-A, especially for its mention of glucose oxidase, 
as well as European Patent 127958-A and European Patent Specification 
1 25 1 37- A. Other enzymes for use with the present mediators include 
combinations of cholesterol oxidase, a peroxidase and optionally cholesterol 
esterase, for detection of free or total cholesterol, as described in European 
. Patent 230786-A; and more generally systems including oxidoreductase or 
other enzymes, including flavoproteins, quinoproteins, and metalloproteins, 
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mcounam* and ^ dtactaide nicoti.^^' 

♦ * . I - • 

Test strips according to this invention are intended for v»n.h i ^ • 
apparatus and meter svstem.^ Th. "»icnaea tor use wjth electronjc 

merer systems. These control the Dr6eres<! nftt, a 

by s^pie fl„,d; ^3 .4 iniW t ZTe™"!"' 7° 
•he scope for ioaccuracies caused by usw em,r lit ^ 
Soai By .^plying a po,,„Uai ,0 L tS^:;: 

threshold cuirem is measured which will rrii~^ .kT ' -T """^ 
zone by saiTOle n,„H , ^. ^^"'""Soflhe reacUon 

usualway. ' '""P''"^ "^""^ """"""a "f "KBSurement in the 

^"ca% fte .denwy of ,es. ships for .be measurc„«nt of different 

=»^es Tins mgb. be achieved, for example, by ihe provision of 
d*tto^c™,ac.s«a,e,es.s>.^^i^^ 

Z^oTr"" '° "hep™' 

^o «^chconucL AJ,ena«vely,asys.emisp«sibleusulgo„eor 

Zl^ T T" °" of teeniuned 

» itTst^r 1 "'r^- - us 5,26034 a. 

n>i-h?L T . '^""^"'■'"^live, notches or other shapes 

ler, switches or optical detectors ui the meter can detect the nn,^.. 
absence of each notch. Further possMities for recognifen of S^e, 
mcude varvinefh(»rnir>„r^^-.k . "'^"e""'on oi stnp types 

aiymg the colour of the strips and providing the meter with a 
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photodeteclor capable of distinguishing the range of coloiu's; also providing 

the strips with barcodes; magnetic stripes or other markings and providing 

■ • 

. the meter with a suitable reading arrangement. 

• • • ■ « • 

A preferred technique for large scale production of test strips of the 
invention will be described, In this instance, the strip electro.des have a 
three-electrode configuration comprising a reference electrode, a working 
electrode, and a dummy electrode. 

: The carrier can be niade iroin any inaterial which has an electrically 
insulating surfacje including poly(Vinyl chloride), polycarbonate, polyester, 
paper, cardboard^ ceramic, metal coated with ceramic or other insulating 
substance. PoIy(vinyl chloride) or a blend of polycarbonate/polyester 
seems to be. particularly suitable. 

A sheet of carrier material is cut to size using a punch topi which crops the 
outer edges at thel same time as pimchmg a number of registrsition holes. It 
is advantageous to use these, holes during subsequent operations, but it is 
also feasible to edge-register tlv'pughout the proce^ 

* 

A conductive ink is applied to the carrier by a method of deposition such as 
screen printing. The punched holes are used to registeir the carrier. This 
layer produces the contact iareas which allow a meter to interface with the 
test strip and provides an electrical circuit between the contacts and the 
active chemistry occurring on the strip. For preference, the ink is an 
organic solvent-biased carbon mixture which is air-dried. Alternative 
formulations are possible including water-based inks and silver inks. Other 
methods of drying or curing the inks include infra-red, ultra-violet anid radio- 
frequency radiation- 

A layer forming the reference electrode is then printed with an organic 
solvent-based ink containing a silyer/silver chloride mixture. The print 
extends to partially cover the middle track of the carbon print where it 
extends into the reaction zone. It is useftil if separate parts of this print are 
extended to cover parts of the other carbon tracks outside the reaction zone 
so that the total electrical resistance of each track is reduced. 
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A lajerbf dielectric ink may opHomjly be printed to cover Ihe maioritv »f 
the ptmted carbon and silver/silver chloride layers In tl^s cl rTf 

tne reactive zone, and to protect Mposed tracks ftom short bircuit. 

For dH, waking electrode; o™, or more inks are deposited to a precise 

*e r^tir^e^'?"' *" "'-^"'"^'"'-^'''^^ 

z^ne. to depostt d,e enr,™e atri the half-sandwich mediator 

«»np<™d. It ,s convement to do this by means of screen printing Other 
waysof bymg down this ink include Inkjet, volumetric dosL^vu^ 
pnnung,IIexographicprintin8,an.l letterpress printing. '^^ ^ 

^J-^TZ'-^^'T'''' ' dummy electrode cah be , 

deposited on a remaining conductn-e track, such that each active hk lies on 



EXAMPLES OF THE INVENTION 



e^i^S"' """""" "°" ^'^ "^"^^ ^ of nonllimiting 



• > 

AH reactions and «,bsequent inanipulations involving organoraetallic 

2o«lhrT ""'^ under anaerobic and anhydrous conditions using an 
atmosphere of nitrogen. Chromium hexacarbonyl and 

me%IcyclopentadienyI manganese tricarbonyl were obtamed from Strem 
Chenucak, Inc. U 0-Phenan.hrohne, 2 r-bipyridine, p-cyclodextrin 
hydrate, dimethyldithiccarbamic acid, diethyldithiocarbamic acid and 4- 
moipholmecarbodniiioic acid were purchased from AJdrich Chemicals 
P.sod,um c,s 1.2-dKyanoethylene-l,2-dithiolate was prepared by a ' 
published method (Inorg. Chem., 5 ( 1 966) 1 1 57). 
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The prcfduct compounds were designated by Compound numbers, as in 
"Compound 6". 

The.phosphate buffer solution (PBS) of 0. 1 5 M phosphate (with 0.2 M 
sodium chloride as supporting electrplyte), pH 7.0, contaim'ng 0.1 M glucose 
was prepared using Analar reagents from Merck BPH The solution was 
stored overnight at 4''C prior to use to allow equilibration of the a- and p- 
aiiomers. Glucose oxidase (EG 1.1.3.4 from Aspergillus, niger) was 
supplied by Sturge Enzymes. Horseradish peroxidase was obtained from 
Biozyme. 

- . . - * ► . - 

In the Examples, reference is made to the accompanying figures of the 
drawings. 

• ■ 

SIMMARY OF THE DRAWINGS 

' * * ' - • 

Figure 1 is a cyclic voltammogram of the chromium complex Compound 6. 

Figure 2 comprises (a) cyclic voltammograms of electrodes containing the 
chromium complex Compound 6, and (b) the catalytic.wave upon addition 
of glucose oxidase. 

Figure 3 shqws catalytic waves obtained on titrating glucose oxidase with 
the manganese complex Compound 8: . 

Figure 4 is a graphical plot of data obtained from the catalytic waves of 
Figure 3. . 

Figiu^e 5 is a cyclic voltammogram of the manganese complex Compound 
16. 

Figure 6 comprises (a) a cyclic voltammograin of the P-cyclodextrin addiict 
of the manganese complex Compound 10, and (b) the catalytic wave upon 
addition of glucose oxidase. 
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.n uie presence of difFerent amounts of P-cyclodextrin. 

. Figure 8 comprises cyclic voltanimogram^ 

manganese complexes (a) ComDound 1 0 7h^ ^ ^uniauiing the 

- Compound 12. ^^'"P^nd 1 0. (b) Compound 1 1 . and (c) 

Figure 9 comprise (a) cydic voliammogninB of elecho<fcs con^^ 

* 1 - , 

Figure 10 shows the response to glucose of poised glucose 
oxidase/Compound 10 electrodes. 



Example 1 



Arene chromium tricarbonyl complexes were prepared by refluxing the 
appropnate arene with r.r^-n^, - . feiiuxmg tHe 



methods were >Bed for the sy,! .esis of lMeCpM«(NOXeNl,lNa 
Compomd 13 (J. Organomel. Chein., 170 (1979) 2,7, 

SJ^H^tJni'r^"'''* """^ '4 (Inorg. Chem., 8 (1969) 1340) 
^^^^0X&2<mi)] C«,«p^i t aU Chen. 8 ( Z 3 0) ' 

' ■ . . . - _ . 

Preparation of [MeCpM„(NOXS2CNCH2CH20CH2CHj)) Compo^d 12: 
dissolved m wan„, degassed acetone (45 ml). Be stirred solution was 
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treated with a mixture of 4-morphoHnecarbodithioic acid (1.03 g, 4 A 1 . 
mmol) in 50 ml ethanol/acetone (1:1) and 1 5 ml water. A colour change to 
red-brown was observed together with the liberation of carbon monoxide 
gas. Stirring was continued for 2 hours at 45°G. Filtration yielded a 
solution from which a crude black-brown product was obtained by redtictioh 
of the solvent volume in vacuo followed by cooling. The resulting 
precipitate was filtered off and recrystallised from boiling petroleum ether 
(40-60°Cyacetone, giving brown needles of Compound 12 (0.2g, 15%)] : 
after storage at -20^C for 3 days. 

* - 

Melting point: 11.2-113°C 

• . ■ . * » ■ ■ 

Analvsis: 

. Found: C,4a.78; H,4,70; N.8..53. . . 

Calc for Cj 1 Hi 5N2G2S2Mn: C,40.49; H,4.63; N,8.58 . 

* . . ■ • * * 

Reparation of [MeCpMn(NO)(S2CN^ 

• * a ' m 

* r ' * , ■ ■ H ■ 

The procedure used was adapted from a reported method for the preparation 
of ferrocene-p-cyclodextrin adducts (J. Chem. Soc; Dalton Trafls, (19^ 
. 2749). 

* ■ 

p-Cyclodextrin hydrate (2.50 g, 2.2 mmol) was dissolved in water (25 ml) at 
70X under nitrogen. Solid [Ts4eCpMji(NO)(S2CNMe2)] Compound 10 
(0.284 g, 1 .0 mmol) was then added and the resulting mixture was stirred 
and heated at 7p^C for 7. hours. Upon cooling, the precipitate was filtered 
off and washed copiously with water followed by ethanol and diethyl ethen 
The required adduct (0.405 g) was obtained as a brown powder, melting 
point 300^C with decomposition. Initial nucroanalysis results on the crude 
product indicate that it is a 1 : 1 adduct containing several molecules of water 
of crystallisation. 

* ' " . ■ " 

Example 2 
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1768^ 1 ; " Oi™ Soc. Da|,o„ Trans <l9m 

"'^"^il"' in buffer. DeriS ' 

hoover, are Simple .„ prepare i„ good yieU using U,ethenJS^ 

puuii poientiais. A sen^s of seven complexes were investiVatpH »nH » 
+4UmV, as shown in the following table. . . . 



Arene hgand 



.1.4-MeG(^H4 NH- 



2,4,-(MedV7 Cf}H:^hm^- 
j.4,-C^C4 (^fH^; 



Compound 



1 



Eqx (mV) 
+250 



+280 



+250 



+40 



+50 



^f^:^ ""'T ^"^^ ^^'"p'^'' 6' 

reverlr ^^^^Pound 6 was ih...only compound to display a 

Dulter. Further studies were confined to Compound 6. 



Example 3 



L'^r'"' "^■^'"^'"8 Compou,«l 6 were pn^luced 6ora 
.h'eT -^^^ -''"^"Ogn^s of electrodes 

-^^orded al 20 m V/s and 0.5 |.A/cm. It will be seen from Figure 2(a) lhat a 
-ers-ble wave was recorded when PBS was appUed .o ,he eLr^t 
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at a lo\yer mid-point potential of -1 5 mV. From Figure 2(bX it is seen that 
GOP mediation occurs on applying mixtures of enzyme and glucose to the 

electrodes, with small catalytic currents of about 1 ^A. 

• " . . * * . • ■ 

■ • . • • • ■ " ■ 

* - • - * » 

The result is significant since it demonstrates that it is possible to use a very 
hydrophobic complex to mediate to GOD when it is incorporated in a carbon 
electrode. It also illustrates the potential of transition metal half-sandwich 
complexes as mediators. 



Example 4 , . 

Manganese half-sandwich complexes can be obtained from 
(raethylcy clopeiitadieny l)manganese tricarbonyl Compound 8,. an 
inexpensive and readily available starting material due to its large scale use 
as an airiti-kriocking additive in unleaded petrol. For example, as shown in 
the following reaction scheme, access to a wide and varied ci^bohyl 
substitution chemistry is provided via the nitrosyl cation Compound 9 
produced by treatment of the tricarbonyl compound Compound 8 with 
nitrpiis acid (Inorg. Chem., 6 (1967) 469) or nitrosonium ion (J. Organomet. 
Chem,56(1973)345). 
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Reaction Scheme;. 




18) 



HCI/G^HjdH 
NaN02 



NaS SNa 




116) 




(9) 



NaCN 



C2H5OH 




(13) 




« 

«=^.H3{lO),C2H3l11) 



NR 



,0 (12) 




L = 





N N= 



Cyciopentadienyl manganese tricarb^^^^^ itself is more difficult to oxidise 
^a^ Wene; ,ts oxidation potential being sdme 1.2 V more p si"e L 
ferrocene m acetomtrrle (J. Organomet Chem., 101 (1975) C43) T^e 
stS ::":: -"^"'J -^"y ^-omposes in aqueous buffer to ^Ve a 

ffT u ^^'"^^ ^ganomet. Chem., 170 (1979) 217) 

affords the anionic dicyano complex Compound 13 which is higUy water 
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soluble and displays a reversible wave at +440 m V. Figure 3 shows 
catalytic wav€;s obtained at 5 mV/s and 5 \xAJcm on titrating glucose oxidase 
with the manganese complex Compound 8, using 0 to 25 jil GOD titrated 
into a solution of Compound 8 in 0. 1 M glucose/PBS. A series of catalytic 
waves of increasing amplitude were obtained. A Second order rate 
coefficient for the oxidation of reduced GOD of 2. 1 x 1 0^ M" 1 s" ^ was 
derived from the graph shown in Figure 4 of icat versus [GOD]*/^ plotted . 
according to literatiu-e methods (Prog. React. IGnet., 16 (1991) 55, arid J. 
Electroanal. Chem., 293 (1 990) 55). This rate constant coriipares very 
favourably with those, determined fot ferrocenes, such as 2.0 x 1 0^ M' ' 
for ferrocene monocarboxyUc acid (Anal. Chem., 56 (1984) 

... 

Example 5 

Several other manganese half^sandwich compounds were prepared from 
Compound 9: Treatment of Compound 9 with the bidentate ligands 2,2,- 
bibyridiiie and 1,1 0-phenanthroIine in accordance vioth a literatu^ 
. (J. Chem; Soc (A), (1970) 850) afforded the cation Compounds 14 and 15, 
respectively. Both complexes exhibited ineversible electrochemistry at 
potentials of about +600 m V. : 

Compound 1 6 was prepared from cis- 1 ,2-dicyanoethylene- 1 ,2-dithiolate 
(hiorg. Chem., 8 (1969) 1340). Figure 5 is a cyclic voltammogram of the 
manganese complex Compound 1 6 0.6 mM in PBS at 50 mV/s and 2 |i 
: A/cm. A much lower Eqx of -25 m V was observed for the anionic 
dithiolehe complex, but the oxidized form (a neutral species) proved to be 
insoluble in buffer. The resultant coating of the electrode meant that an 
enzyme titration was not possible. 

The dithiocarbamate complexes Compounds 10 and 1 1 were prepared 
according to the literature method (Inorg. Chem., 8 (1 969) 1 340) which was 
also used to prepare the morpholinodithiocarbamate complex Compoimd 12, 
a new compound. Compounds 1 0 to 1 2 were all found to. have negligible 
solubility in buffer thereby preventing any observation of their 
electrochemistry. 
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Examp le 6 



f"TOc=„„ «<^„^«,i, been reported (J. Ch^M In 

35. B,«lectt„che,a Bioener^. 24 ,1990) 257) Jan 4^ 
•^-^of fe^cenes GOD. Here ^ Ly 

teport of B-cd hoslmg a manganese complex, 

ft was found that simply stining the solid eomplex Comoonnd m i„ , 

complexwhich precipiBied up™, c«,li„g ™^ 

<*mplex is solnblein PBS. ,o ai leas. 0.5 nT co^H T° 

cyclic voj^ogn™ of U,e p-o,e,odexwrl„e^7o« 

'cat - 9.7HA IS observed upon addition of GOD and glucose. . 



Examp le 7 



^J^Sd^^aM ta Nd is capable of hosdng a neuW manganese 
^bl^t!^^ "J.- "-^ '^ frcd »igb. ae. as a V 



cZ»:^',r »«^«- of U« amoniccomplex 

s-todon of Comporad 16 m buffer has features which indicate d»t a species 

5^0mM) resulted m a reversible wave. Figure 7 comprises cy* 
^tammograms of the manganese complex Compoum) 16 in fte presence of 
dtfferentamouuu of (a) PBS only, and PBS contimng (b) 0.51^^. 
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V.O mM P-cd, and (d) 5.0 mM P-cd. The wave shows E'/i = +5mV and A 
Ep = 65mV. 

Example 8 : 

Further work with the dithiocarbamate complexes Compounds 10 to 12 was 
carried out with screen-printed carbon electrodes produced from carbon inks 
mixed with each of the complexes. As shown in Figure 8, oxidation waves 
were observed at +240, +300 and +290 mV for (a) Coinpound 1 0, (b) 
Compound 1 1 , and (c) Compound 1 2, respectively, using scan rates of 50 
and 100 mV/s at 0.5 ^lA/cm. Catalytic currents in the region of 4 ^lA were 
recorded in the presence of GOD and glucose. Variable but increased 
currents of up to 29 ^lA were obtained with 0.1 M glucose when the enzyme 
was confined in the carbon electrode with the mediator, see Figurie 9. 

These mediator/enzyme electrodes responded linearly as shown in Figure 10 
to glucose in the range 0 to 1 2 mM when poised iait +450 mV. Inclusion of 
ethylene glycol in the fonnulation of the carbon ink containing enzyme gave 
currents of up to 1 90 ^lA with 0, 1 M glucose. 

• . • • • 

Example 9 

The ability of the p-cyclodextrin adduct of the manganese complex 
Compound 1 0 to mediate with horseradish peroxide (HRP) was assessed by 
comparing it with l ,r-dimethylferrocene ethanolamine using rotating ring- 
disk voltammetry according to a literature method (Anal. Chem., 62 (1990) 
2429) Experiments were carried out using a glass cell (14 ml capacity) 
containing a platinum counter electrode with a calomel reference electrode. 
A gold-gold ring-disk electrode, rotated at 4 Hz, was immersed in a 
phosphate-buffered saline solution of the mediator (0.5 mM) containing 
HRP (280 U). The catalytic ring current was then measured while poising 
the ring electrode at -100 mV and scanning the disk electrode from -100 to 
600m V to generate hydrogen peroxide. Successive experiments v«th the 
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ferrocene and the P-cd afct of Compound 10 resulted in identical catalytic 
currents being recorded. 
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CLAIMS 

• ■ • . ■ ■ • ': : * 

1. A process of mediating electron transfer between an electrode and an 
oxidoreductase enzyme or other electron transfer redox protein using a 
mediator compound, wherein said mediator compound is a half-sandwich 
complex of a transition metal, said complex having a single. 7t-ligand with 
delocalised 71 bonding. 

• ■ 

2. The process of claim 1 , wherein said half-sandwich mediator 
compound is a complex of die general formula: 

(7t-ligand)M(not-7c-ligand)n 
wherein the complex may be .charged or neutral, n-ligand represents the 

■ - ' • 

single Ti-bonded ligand, M represents the transition metal atom, n is the 
number of ligands which are hot ic-ligands, and the n not-TT-ligands st^ ihc 
same or different, are univalent or multivalent, and serve to satisfy the 
valency of the transitional metal M. 

3. The process of claim 2, wherein the it-ligand is selected from the 
group consisting of an allyl group, a cyclopropenyl group, a cyclobutadiene 
group, a cyclopentadienyl group^ a benzene group, a cycloheptatrienyl groiip 
or a trimethylenemethane group. 

4. The process of claim 2, wherein the Ti-ligand has 1 to 4 substituents 
selected from the group consisting of alkyl groups, alkoxy groups, amino 
and substituted amino groups, aminoalkyl and substituted aminoalkyl 
groups, a carboxylic acid group; and a siilphonic acid group. 

5. The process of claim 2, wherein the transition metal M is iron, 
manganese or chromium. . 

6; The process of claim 2, wherein each not-7c-ligand is selected from the 
group consisting of carbonyl, phosphine, isocyanide, nitrosyl, bipyridine, 
phenanthroline and dithiolate groups. 

7; The process of claim 1, wherein the transition metal half-sandwich 
compound is employed as an inclusion complex in ^-cyclodextrin. 
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employs a transition metal h^f-sandwich compound as med^^^^^ . 

■.. . 

' •■ ■' • . • • " 

9. A disposable dor strip test element for aiamperometri^ 
sensor, said disposable test element canying a working electrode test 
reagents comprising at least an oxidoreductase enzyme and a tran'sition 
metal half-sandvvich mediator compotmd for generation of a current 
mdicative of the level of analyte. and a reference electrode. 

■ • • 

ill lf?f"''?'1^ printing ink which includes a transition 

metal half-sandwich mediator compound. 
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